Study objective: In these days, it was reported that bone marrow (BM) cells might take part in the remodeling of some systemic vascular diseases; however, it remains unknown whether the BM cells were involved in the vascular remodeling of pulmonary arteries and the progression of pulmonary hypertension (PH). The purpose of this study was to investigate whether BM-derived cells contribute to pulmonary vascular remodeling in hypoxia-induced PH. Materials and methods: To investigate the role of BM-derived cells, we transplanted the whole BM of enhanced green fluorescent protein (GFP)-transgenic mice to the lethally irradiated syngeneic mice (n ‫؍‬ 30). After 8 weeks, chimera mice were exposed to consistent hypoxia using a hypoxic chamber (10% O 2 ) for up to 4 or 8 weeks (10 mice per group). After hemodynamics and the ratio of right ventricular (RV) weight to left ventricle (LV) weight, RV/(LV ؉ septum [S]), were measured, histologic and immunofluorescent staining were performed.
Pulmonary vascular remodeling is characterized by intimal thickening, medial hypertrophy, adventitial proliferation and abnormal extracellular matrix deposition. Medial hypertrophy results from the proliferation of smooth muscle cells (SMCs), and intimal thickening is caused by fibrosis, and the proliferation of endothelial cells, SMCs, and myofibroblasts. 3, 4 Proliferating adventitial fibroblasts may be induced by a trigger such as hypoxia to differentiate into myofibroblasts and migrate, which contributes to medial and intimal remodeling. [5] [6] [7] [8] The progression of vascular remodeling results in vascular lumen narrowing, increased pulmonary artery resistance, and pulmonary arterial hypertension. However, the precise mechanism of vascular remodeling in PH remains unresolved.
Studies of the pathogenesis of vascular remodeling in general systemic vascular diseases have focused largely on the role of SMCs, which are derived locally from the adjacent medial layer, in vascular remodeling. However, there is accumulating evidence of the existence of circulating progenitor cells such as smooth muscle progenitor cells, endothelial progenitor cells, and fibroblasts. These cells can mobilize to sites of tissue injury and contribute to vascular remodeling in models of vascular disease such as postangioplasty restenosis, graft vasculopathy, and hyperlipidemia-induced atherosclerosis. 9 -11 Recently, it was shown 12 that lung fibroblasts in pulmonary fibrosis could also be derived from bone marrow (BM) progenitor cells using BM chimera mice. In PH, the seminal study of Davie et al 13 raised the concept of BM cell mobilization to hypoxiainduced remodeled pulmonary arteries by demonstrating the existence of c-kit ϩ cells around remodeled pulmonary arteries in hypoxia-induced PH calf lungs. However, a more recent study by Hu et al 14 demonstrated the presence of Sca-1 ϩ c-kit ϩ vascular progenitor cells, which were not BM-derived, in vascular adventitia. To clarify whether BM-derived cells can migrate to the hypoxia-induced PH lung, we generated chimeric mice by the transplantation of BM cells from enhanced green fluorescent protein (GFP)-transgenic mice into normal donor mice. We investigated BM cell mobilization to remodeled pulmonary arteries following prolonged exposure to hypoxia using a hypoxic chamber. In this report, we demonstrate directly that BM-derived cells can home to remodeled pulmonary arteries in PH mice and contribute to pulmonary vascular remodeling.
Materials and Methods
Mice C57/BL6 mice were purchased in Japan (Japan CLEA; Tokyo, Japan). GFP mice (C57BL/6 background) were provided by Professor Okabe (Osaka University; Osaka, Japan). 15 
BM Transplantation
GFP mice 8 to 10 weeks old were used as BM donors. Recipient C57BL/6 mice (8 to 10 weeks old) were lethally irradiated with a dose of 8.5 Gy. Five million unfractionated BM cells were harvested from the donor mice and injected into the tail vein of the irradiated recipients (n ϭ 30). For analysis of the engraftment of donor BM cells, peripheral blood was obtained from the retroorbital plexus of the recipient mice using micropipettes (Drummond Scientific Co; Broomall, PA). Cells derived from donor GFP mice were detected directly on a fluorescenceactivated cell sorter (FACS) [FACS Calibur; Becton Dickinson; San Jose, CA].
PH in Hypoxic Chamber
At 8 weeks after BM transplantation (BMT), the hypoxic mice were kept in a tightly sealed chamber under hypoxia (10% O 2 ), which was maintained by a hypoxic air generator (TEIJIN; Tokyo, Japan) for either 4 or 8 weeks (10 mice per group). Chamber gases were monitored continuously using an O 2 analyzer (JKO-25 SII; JIKO; Tokyo, Japan). The last 10 mice were kept in the normoxic condition as a control.
Hemodynamics
Mice were anesthetized with ketamine and xylazine, and a 1.4F microtip pressure transducer (SPR-671; Millar Instruments; Houston, TX) was inserted into the RV through the jugular vein for hemodynamic measurements. RV systolic pressure (RVSP) was measured with a polygraph system (Nihon Kohden; Tokyo, Japan)
Estimation of RV Hypertrophy
The RV was dissected from the left ventricle (LV) and the septum (S), and weighed separately to determine the ratio of the RV to the LV plus S, RV/(LV ϩ S).
Fixation and Immunohistologic Study
Mice were anesthetized with ketamine and xylazine, and the lungs were perfused from the heart with phosphate-buffered saline solution and perfusion-fixed with 4% paraformaldehyde in phosphate-buffered saline solution. Isolated lungs were immersion-fixed overnight at 4°C with rocking and subsequently were cryoprotected in sucrose solutions at 4°C. The lungs were then embedded (OCT compound; Miles Scientific; Naperville, IL) and quickly frozen in liquid nitrogen. Cryostat sections (6 m thick) were stained with hematoxylin-eosin and elastica van Gieson stain. Other serial sections that were stained overnight at 4°C with anti-␣-smooth muscle actin (SMA) [clone 1A4; Sigma Aldrich; St. Louis, MO] were used to evaluate the mobilization, distribution, and localization of GFP ϩ ␣-SMA ϩ cells. The sections were incubated for 4 h at 4°C with secondary antibodies that had been conjugated (Alexa 594; Molecular Probes; Eugene, OR). The nuclei were stained (TOTO-3; Molecular Probes). Slides were observed under a confocal laser scanning microscope (CLSM) [LSM510; Carl Zeiss; Jena, Germany) with appropriate emission filters. The GFP signal was confirmed by emission finger printing with a metaspectrometer (LSM 510 Metaspectrometer; Carl Zeiss).
Polymerase Chain Reaction
Semiquantification of mobilized GFP ϩ cells was performed by polymerase chain reaction (PCR). The following primers were designed against GFP complementary DNA: 5Ј-primer, 5Ј-TGAACCGCATCGAGCTGAA GGG-3Ј; and 3Ј-primer, 5Ј-TC-CAGCAGGACCATGTGATCGC-3Ј.
Statistical Analysis
Values are presented as the mean Ϯ SEM. Statistical significance was evaluated using the unpaired Student t test for comparisons between two mean values. Multiple comparisons among more than three groups were performed using analysis of variance. A p value of Ͻ 0.05 was considered to be significant.
Results

Reconstitution of BM Cells
Donor BM-derived cells engrafted successfully. FACS analysis of the peripheral blood-nucleated cells of GFP-BM-transplanted mice showed a high degree of chimerism (mean, 91 Ϯ 2.3%) at 8 weeks after BMT (Fig 1, top, A) .
Physiologic Analysis of the Hypoxia-Induced PH Mice
To confirm that prolonged exposure to hypoxia induced PH in the GFP-BM-transplanted mice, RVSP (a marker of systolic pulmonary arterial pressure) and the RV/(LV ϩ S) ratio (a marker of RV hypertrophy) were measured. RVSP increased significantly with time in the PH mice (Fig 1, bottom  left, B) . There was also a significant increase in the RV/(LV ϩ S) ratio in the PH mice, indicating RV hypertrophy (Fig 1, bottom right, C) . Therefore, prolonged exposure to hypoxia induced PH with RV hypertrophy in GFP chimera mice.
Pathologic Changes in Pulmonary Arteries of the Hypoxia-Induced PH Mice
We then investigated the pathologic changes provoked by hypoxia-induced PH in the BMT mice by histologic analysis. There was marked vascular remodeling including medial hypertrophy and adventitial proliferation in both the distal pulmonary artery (Fig 2, top right, E, and upper middle, F) and the proximal pulmonary artery (Fig 2, lower middle  right, G, and bottom right, H) of the PH mice compared to control mice (Fig 2, top left, A, upper  middle left, B, lower middle left, C, and bottom left,  D) . The exposure of these animals to hypoxia led to extensive vascular remodeling of the pulmonary arteries, which was characterized by medial hypertrophy and adventitial proliferation, leading to PH.
Mobilization of BM-Derived GFP ϩ Cells to the Hypoxia-Induced PH Lung
Sections from the lungs of GFP-chimeric mice in the control and the PH groups were observed by CLSM to evaluate the mobilization of BM-derived cells. In the lungs of the control mice (Fig 3, top left,  A) there were a few scattered GFP ϩ cells, but there was extensive infiltration of GFP ϩ cells into the lungs of PH mice (Fig 3, middle left, C) . Under high magnification, GFP ϩ cells were found to concentrate in the pulmonary arteries, including the adventitia, in the PH mice (Fig 3, middle right, D) , but not in control mice (Fig 3, top right, B) . Moreover, the GFP ϩ cells that were localized in the pulmonary artery wall frequently coexpressed ␣-SMA (Fig 3,  middle right, D, bottom left, E, and bottom right, F) , and were also densely clustered in the areas of expanding adventitia (Fig 3, bottom left, E) . Together, these results show that BM-derived GFP ϩ cells were mobilized to the pulmonary arteries in hypoxia-induced PH mice, where they expressed an SMC or myofibroblast phenotype and contributed to pulmonary vascular remodeling. It may also represent a reaction to injury associated with the presence of PH.
Contribution of BM-Derived Cells to HypoxiaInduced Pulmonary Arterial Remodeling
To evaluate whether these mobilized BM-derived cells contribute to vascular remodeling in the PH mice, we quantified the number of GFP ϩ cells that coexpressed ␣-SMA (GFP ϩ ␣-SMA ϩ ) in the lung tissues of control and PH mice. There was a significant increase in numbers of GFP ϩ ␣-SMA ϩ cells at the pulmonary arterial wall, including the adventitia, in PH mice. Moreover, the number of mobilized GFP ϩ ␣-SMA ϩ cells increased with time (Fig 4, top,  A) , parallel with the progression of PH (Fig 1,  middle, B, and bottom, C) . Semiquantitative PCR analysis also demonstrated an increase in GFP gene expression in the lungs of PH mice (Fig 4B) . Absorbance frequency analysis with a metaspectrometer (LSM 510 Metaspectrometer; Carl Zeiss) confirmed that the green signals were not due to a nonspecific background (Fig 4, bottom, C) . Taken together, these results provide strong evidence that BMderived cells, which were mobilized to the pulmonary arteries, contributed to pulmonary vascular remodeling in hypoxia-induced PH mice.
Discussion
The present study examined the hypothesis that BM-derived cells are mobilized to remodeled pulmonary arteries of hypoxia-induced PH mice. We have shown that (1) hypoxia induced PH in GFP-BM chimera mice, (2) BM-derived GFP ϩ cells were mobilized to the pulmonary artery walls of these hypoxic animals, and (3) a large proportion of these cells that were mobilized to remodeled pulmonary arteries, including the adventitia, expressed ␣-SMA, which is a marker of myofibroblasts and SMCs. Myofibroblasts play key roles in tissue remodeling, wound healing, and various fibrotic disorders, 16, 17 and have been proposed to also be involved in the pathophysiology of vascular remodeling. 6, 18, 19 A recent study 8 showed that hypoxia induced the differentiation of pulmonary artery adventitial cells into myofibroblasts in vitro. Our present results strongly suggest that BM-derived cells that are mobilized to the pulmonary artery wall during hypoxia-induced remodeling can differentiate into myofibroblasts. These findings may indicate a reaction to injury that is associated with the presence of PH. BM-derived cells can also differentiate into SMCs in vascular disease, 9, 11, 20 and it is possible that the ␣-SMA ϩ BM-derived cells that we observed in the wall may alternatively have an SMC phenotype.
It has generally been accepted that differentiation is the major mechanism by which stem cells acquire a vascular cell phenotype. 11, 21, 22 However, some studies [23] [24] [25] have suggested that cell fusion may mediate this process. Further studies are needed to clarify this mechanism. It will also be important in future studies to determine which BM cells are mobilized to remodeled pulmonary arteries to acquire an ␣-SMA ϩ phenotype. There is evidence that both hematopoietic and mesenchymal stem cells can differentiate into SMCs. 9, 11, 26 To clarify this question, we are currently pursuing the same study using single-cell BMT mice. ϩ cells that coexpressed ␣-SMA in the pulmonary artery wall was counted in 30 highpower fields of the samples from the control and PH mice. There were markedly more of these cells in the PH mice compared to the control mice. Middle, B: semiquantitative PCR analysis of GFP and glyceraldehyde phosphate dehydrogenase (GAPDH) gene expression was performed on the lung of the control and PH mice. The relative levels of gene expression are shown in the panel. pc ϭ plasmid positive control. Bottom, C: the emission profile of the green signal in GFP ϩ cells was determined by CLSM. The emission peak lay between 510 and 530 nm, which corresponded to that of GFP, and not to a nonspecific background.
Conclusion
BM-derived cells are mobilized to remodeled pulmonary arteries in hypoxia-induced PH mice, where they differentiate and contribute to pulmonary vascular remodeling.
